Among a variety of temperature-sensitive mutants of Sindbis virus that have been characterized are a group that fails to make virion proteins at the nonpermissive temperature even though viral RNA formation appears normal (3) . Extracts of cells infected with these mutants at 40 C show the presence of a large polypeptide of molecular weight -130,000 that is not detectable at lower temperatures or in cells infected with wild-type virus at the higher temperature (18) . Tryptic peptide fingerprints of this large protein clearly indicated that it contained those amino acid sequences that are normally found in the three individual Sindbis virion proteins (20) . Thus, the mutational defect prevented the normal processing of the Sindbis'viral protein. Primarily on the basis of the phenotype of this kind of temperature-sensitive mutant, investigators studying Sindbis virus formation have postulated that the normal pathway of synthesis of virion proteins consists of translation from a polycistronic mRNA in which initiation of synthesis occurs only at the 5' terminus of the nucleic acid and the individual proteins arise by a post-translational proteolytic cleavage (16, 18) . Other data from analysis of RNA and proteins in Sindbis I Present address: 2nd Faculty of Medicine, 2nd Institute of Biochemistry, University of Naples, Naples, Italy.
virus-infected cells generally are consistent with this model if one presumes that the proteolytic cleavages occur during translation of the protein on the polyribosome. Furthermore, there is now substantial evidence that this model describes the mechanism for viral protein synthesis in cells infected with picornaviruses (5, 10, 11, 23) .
We initiated studies on the in vitro formation of Sindbis viral proteins in cell-free extracts programmed with viral RNAs obtained from Sindbis-infected BHK cells in order to obtain evidence for posttranslation proteolysis Fig. 1 .
In vitro protein synthesis system and isolation of products. All in vitro experiments with RNA from the ts-2 virus and viral-infected cells were performed with the cell-free system II prepared from lysed rabbit reticulocytes. Details of this preparation, the components of the reaction mixture, and the analysis of the proteins formed are described elsewhere (6) . For preparation of the tryptic peptide fingerprints, samples from the reaction mixtures were precipitated directly with 9 volumes of cold acetone after reduction and alkylation, and no dialysis was performed. (Fig. 2) . We have shown previously that band II is identical to virion capsid protein and noted that bands I and III contain capsid peptides (6) . Both the gel autoradiogram and densitometric tracings of reactions at 39 C containing ts-2 RNA showed a large decrease in the amount of capsid and a significant increase in two highermolecular-weight bands ( Fig. 2a and b ) and in material that stayed at the top of the 5% spacer gel. Some variations were also observed in capsid polypeptides formed by wild-type viral RNA with more of the smaller proteins appearing. The shift to larger-molecular-weight proteins in incubations at 39 C with the ts-2 RNA was confirmed by an analysis of the reaction mixtures after rate-zonal centrifugations in a urea-sucrose gradient (Fig. 3) .
RESULTS

Effect
Analysis of protein formed by ts-2 RNA at 29 and 39 C. Despite the marked disappearance of capsid polypeptides from the 39-C reaction mixture containing ts-2 RNA, we could show by a peptide fingerprint of a tryptic digestion of the total reaction mixture that the capsid cistron of ts-2 RNA was translated (Fig. 4) . In fact, the fingerprints from the 29-and 39-C mixtures are indistinguishable and both show nine peptides that are absent from the fingerprint of the reaction mixture containing no viral RNA. Of the nine, seven can be related to peptides of the isolated viral capsid ( Characteristics of the ts-2 mutation. The data from the experiments described above suggest that at least one apparent defect in the translation of ts-2 RNA is an inability to form discrete capsid polypeptides. One possible explanation for this is that the ts-2 capsid is abnormal in structure and at 39 C aggregates to higher molecular-weight forms. To test this, we treated the reaction mixtures with 5 Fig. 3 . We also used slab gels containing 4 M urea and 0.1% SDS for electrophoresis as well as heating samples to 100 C in SDS before loading in the gels. In no case could we observe the capsid or the capsid-like protein bands in the 39-C reaction mixtures with ts-2 RNA.
The ts-2 mutation does not affect the initiation of protein synthesis on the basis of results with pactamycin, an inhibitor of initiation of polypeptide chains in eukaryotic cells (8) . Addition of pactamycin 2 min after initiation at 29 C followed by an immediate shift to 39 C gave the same amount of inhibition as noted when the incubation was contained at 29 C (Table 2) . A slab gel electropherogram of these reaction mixtures showed that capsid was absent from the 39-C incubation but present after a 29-C incubation. Thus, the ts-2 defect was still expressed even though initiation of synthesis had been inhibited at 39 C. The initiation of synthesis by ts-2 RNA at 39 C did not inhibit subsequent translation at 29 C ( (Fig. 5) , suggesting a protease activity in the rabbit reticulocyte cell-free system. The protease seemed to be relatively specific in that capsid and the lower-molecularweight band appeared stable. We are currently investigating this protease activity to determine whether it is viral specific and whether it plays a meaningful role in the Sindbis virus protein formation in vitro.
DISCUSSION
The expression of the ts-2 mutation by viral RNA in a cell-free protein synthesis system is shown by results presented here to be remarkably similar to the phenotype of ts-2 virusinfected cells. In both cases, discrete viral capsid protein virtually disappears at the nonpermissive temperature and larger, abnormal polypeptides accumulate. The large ts-2 protein found in vivo contains amino acid sequences of the viral capsid (20) , and the tryptic peptide fingerprints presented in this work show that the polypeptides made in vitro from ts-2 RNA at 39 C also have capsid peptides. Thus, the aE- mutational defect in ts-2 blocks formation of a discrete capsid protein. We can propose three ways in which this might happen: (i) an amino acid substitution resulting from a missense rnutation distorts the growing polypeptide chain so that the site for proteolytic cleavage to produce capsid protein is blocked; (ii) the mutation causes the protease required for capsid appearance to become temperature sensitive; (iii) the mutation alters the viral mRNA structure so that the translation of capsid cistron becomes directly linked to the translation of the viral envelope cistrons.
Our data presented here and elsewhere on the in vitro formation of Sindbis viral proteins can be interpreted to support each of the above proposals. Furthermore, the in vivo data that has been accumulated in several laboratories from experiments on Sindbis virus replication are unable to clearly distinguish between these three hypotheses. We cite here the arguments pro and con for the three possible modes of action of the ts-2 mutation. The model also predicts that, in vitro, the capsid and its related polypeptides are released at the permissive temperature by a protease. Although we have presented data here for a protease activity, our earlier data failed to show an effect on capsid formation when the protease inhibitors phenylmethane sulfonyl fluoride and L-1-tosylamide-2-phenylethyl chloromethyl ketone (TPCK) were present in high concentrations (6).
(ii A teMDerature-sensitiv'-uiral -coded p)roea A ts-2 mutation in a protease can explain e in vivo complementation noted above, and it can also explain why none of the shorter capsid-related polypeptides appear at 39 C in vitro. But this model predicts that this protease is a product of the in vitro synthesis at 29 C. We have no evidence that the protease observed in our system is viral coded. Furthermore, the reaction demonstrating this proteolytic activity was carried out at 39 C, the nonpermissive i.
;.4. 0004... VOL. 14, 1974 temperature for ts-2. The appearance of the cant change in the levels of viral envelope different capsid-related polypeptides in vitro proteins (24) . (bands I and III, Fig. 2 ) was affected mostly by But the suppression of normal termination by the relative efficiency of the protein-synthesiz-ts-2 fails to account for complementation for the ing system with longer polypeptides formed same reasons cited above, unless one proposed when more soluble cellular enzymes were added that a low level of internal initiation occurs at (7). This result is not easily explainable by a the envelope protein cistrons of the ts-2 mRNA protease model. at 39 C. To explain the disappearance in vitro of (iii) in the the lower-molecular-weight capsid-related protr iNtire. lthugmolst oft Temper-teins by ts-2 RNA at 39 C, we would suggest re-sensitive mutations examined lead to al-that these latter proteins all terminate in the terations in protein structure, there is at least same manner but that they initiate translation one report of a temperature-sensitive mutation within the cistron. There is good evidence that t in an RNA. A single base change in the tyrosyl initiations within a cistron can occur in bactetRNA of Escherichia coli affects the function of rial mRNA (14) . No (6, 7) to sites of at least two cistrons in the polycistronic selectively form large amounts of capsid. We mRNA in a manner analogous to that demon-had suggested that formation of capsid in vitro strated for the cistrons in E. coli operons (25) was a result of a specific termination of translaand in the cistrons of the E. coli RNA bacterio-tion, and we propose here that this same mechaphages (12, 13) . nism operates in the viral-infected cell. The j A model proposing independent translation of presence of internal initiation sites containing Sindbis viral RNA cistrons can explain several RNA regions with secondary structure could pieces of data that are inconsistent with the also explain why the 26S Sindbis RNA may be single-site initiation mechanism for viral RNA found in a "33S" form and why this species translation. For example, it can account for the makes larger size polypeptides in vitro than does non-stoichiometric levels of the virion proteins the 26S RNA (7). In a "33S" form, these regions formed in the infected cell; there is two to three of secondary structure would be converted to an times more capsid piotein than envelope pro-extended conformation, thereby leading to a deteins in infected cells (21) . This model also creased mobility of the 26S RNA in polyacrylexplains the inability to accumulate a ts-2 amide gels and to a greater probability for protein when amino acid analogues are added to read-through translation rather then terminaSindbis-infected cells (18) , and it explains the tion and initiation of new translation.
inability to clearly show an accumulation of ts-2
It is worth noting again that attempts to protein when protease inhibitors were added to reproduce the experimental results demonstratinfected cells (16 (9) , although larger-molecular-weight preSindbis virus even though there was no signifi-cursors have been detected (4) . These precur-sors may be related to envelope proteins which were affected differently from capsid when canavanine was substituted for arginine in Semliki Forest virus-infected cells (17) . Finally, the in vitro translation of Sindbis viral RNA yields an authentic capsid protein in a cell-free system from ascites cells that produces mainly prematurely terminated polypeptides from encephalomyocarditis viral mRNA (1) . It 37 C but is found at 27 C. However, they report the presence of discrete larger-molecular-weight proteins equivalent in size to the B-1 and ts-2 proteins in their in vitro reaction products. The former appeared at 27 C, whereas the latter appeared at 37 C. We have been unable to detect these large proteins as discrete bands in polyacrylamide gels; instead, we find a continuum of radioactive material at the top of our slab gels. However, recent preliminary results suggest that the larger discrete proteins made in our in vitro reaction at 37 C using ts-2 26S RNA ( Fig. 2a and b) contain capsid protein tryptic peptides.
